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JET-INDUCED LIFT LOSSES ON VTOL CONFIGURATIONS

HOVERING IN AND OUT OF GROUND EFFECT

By Garl L. Gentry and Richard J. Margason

Langley Research Center

SUMMARY

The effects of the pressure ratio, of the ratio of planform area to jet area, and of

the wing height on the lift loss due to the suction pressures induced on the lower surface

of the fuselage and wings of a VTOL aircraft by the entrainment action of the vertical

efflux from the lifting jets have been investigated at small scale. The induced loads were

found to amount to approximately 1 percent of the thrust for single-jet VTOL configura-

tions and 3 to 4 percent of the thrust for multiple jets out of ground effect. The jet-

induced loads were found to be a function of the square root of the ratio of planform area

to jet area and were strongly influenced by the rate at which the jet entrained the sur-

rounding air and by the distance between the area of maximum entrainment and the lower

surface of the fuselage. An empirical expression for calculating the jet-induced loads

was derived.

_TRODUCTION

The design of jet VTOL aircraft requires a detailed knowledge of the losses in

thrust due to the jet engines installed in the aircraft. These losses include those common

to conventional jet aircraft such as the inlet losses, nozzle losses, and lift losses - plus

losses due to hot-gas reingestion and a different type of lift loss which is peculiar to

VTOL configurations.

The present investigation is related only to the lift loss caused by the entrainment of

ambient air by the exiting jets when hovering, a loss peculiar to VTOL configurations. The

entrainment of the surrounding air causes a reduction in pressure on the lower surface

of the fuselage and wings. This pressure loss differs from the lift loss that is encotm-

tered in conventional engine installations primarily because of the much greater extent of

surface area surrounding the exit of the vertically oriented jets in VTOL aircraft and also

because of the number of possible arrangements and the disposition of the jets.

Very little is currently known about the magnitude of the lift losses caused by the

jets in VTOL aircraft. Some pressure-distribution investigations preliminary to the

present study as well as the theory and experimental data of reference 1 indicated that the



lift loss due to a single jet would generally be less than 1 percent of the total thrust for
the ratios of planform area to jet area representative of jet VTOL aircraft. The four-jet
configuration of reference 2, however, indicated that lift losses of between 3 and 4 percent
could be encountered for multiple-jet configurations. Losses of this magnitude can sig-
nificantly affect the performance of the aircraft and must be properly allowed for in the
design of the airplane. The present investigation was therefore undertaken to determine
the factors influencing the magnitude of the static base loss for single- and multiple-jet
configurations.

SYMBOLS

Measurements for this investigation were taken in the U.S. Customary System of
Units. Equivalent values are indicated herein parenthetically in the International System
(SI) in the interest of promoting use of this system in future NASA reports. Details con-
cerning the use of SI, together with physical constants and conversion factors, are given
in reference 3.
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jet-exit area, in.2 (cm2)

wing span or plate width, in. (cm)

pressure coefficient, Pl - p

Pt,p- p

root chord, in. (cm)

diameter of jet exit, in. (cm)

effective diameter, diameter of a circle equivalent in area to total jet-exit

area of a given configuration, in. (cm)

height from jet exit to ground, in. (cm)

length of jet exit, in. (cm)

load induced on plate, lb (N)

ambient static pressure, lb/ft2 (N/m2)

local static pressure, lb/ft 2 (N/m2)

plenum-chamber total pressure, lb/ft2 (N/m2)

jet impact pressure at exit, lb/ft2 (N/m2)
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Subs c ripts :

i

max

maximum impact pressure measured at distance x

exit, ib/ft2 (N/m2)

radius of any point from center of jet exit, in. (cm)

radius of jet or plate, in. (cm)

plate or wing-plus-fuselage planform area, in. 2 (cm2)

jet thrust, Ib (N)

distance normal to jet exit, in. (cm)

jet exit projection beyond lower surface of fuselage or plates, in.

downstream from jet

(cm)

point of maximum rate of change of decay parameter

maximum

MODELS, APPARATUS, TESTS, AND PROCEDURES

Models and Apparatus

Most of the data of this investigation were obtained for the airplane-type configura-

tions shown in figures 1, 2, and 3. This model consisted of a small rectangular plenum

chamber inside a fuselage shell. The bottom of the plenum chamber was removable to

enable installation of different jet arrangements (fig. 3) on a common configuration. The

single jet on the rectangular-plenum-chamber configuration was extended with cylindrical

ducts of two different lengths. The plates were tested with various lengths of the extended

jet projecting through them in order to determine the possible beneficial effects of the

extension and the projection on the induced loads. Most of the data were obtained for the

zero jet projection and 0.248 jet length. Additional tests were made for the following pro-

jections and lengths (shown in terms of jet diameter):

1/D z/D

0.248 0

.910 0

.910 .5

1.410 0

1.410 .5

1.410 1.0



The model could be fitted with delta wings of various sizes or with various circular
and rectangular plates, as shownin figure 4. The rectangular plenum chamber (fig. 5)
was designed to fit in the scaled fuselage of the model. This requirement led to a plenum
chamber which was long and rather narrow. The narrow width resulted in a small effec-
tive contraction ratio from the plenum chamber to the jet.

Inasmuch as the induced loads to be measured were expected to be only a small
percentage of the total jet thrust, it was considered necessary to mount the fuselage and
wings or plates of the model independently of the plenum chamber and jet assembly so
that the induced loads could be measured separately from the total thrust of the jet. The
arrangement used is shown in figure 5. This arrangement differs from the original
plenum configuration which had different primary pressure tubes. The original tubes had
larger holes which were oriented to direct the flow against the top of the plenumchamber.
The fuselage consisted of a thin-wall shell fitted with a small gap around the plenum
chamber and jet or jets. The induced loads on the fuselage and wings or plates were
measured by a sensitive balance installed in the balance housing inside the plenum cham-
ber as shown in figure 5. The total model forces were measured by the main balance,
which was also installed in this balance chamber and attached to a sting-support system.

Air was brought into the plenum chamber through two 3/4-inch-diameter (1.91-cm)
tubes that ran the length of the chamber. Each tube was drilled with 138holes oriented
as shown in figure 5 to distribute the air through the length of the chamber. The tubes
extendedback along the sting and were bent in a large openU-shape configuration and
anchored to the support system as shownin figure 6. This method of attaching the
incoming air lines provided a flexible spring connection to the balance that resulted in a
very small change in the balance sensitivity. The balance was calibrated with the air
lines in place and under pressure to obtain corrections to the sensitivity constants for
the effects of the incoming air lines.

The model was mounted inverted as shown in figure 6 and was fitted with brackets
for alternate wing positions so that high-, mid-, and low-wing configurations could be
investigated.

A few of the data presented were obtained for the cylindrical-plenum-chamber con-
figuration shown in figure 7. This apparatus consisted of a large cylindrical plenum
chamber with perforated plates and screens installed to dampen the flow and fitted with a
very large contraction ratio bellmouth inlet to the jet. Various size plates, as shown
in figure 4, could be fitted to this configuration and supported on a flexure support system
as shownin figure 7 so that only the induced loads on the plates were measured by the
strain-gage unit. Both the cylindrical-plenum-chamber and the rectangular-plenum-
chamber configurations were operated with a gap of 1/32 inch (0.079 cm) or less between
the plate and the jet. Preliminary investigations of the cylindrical-plenum-chamber
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configuration with smaller gaps, in some instances sealed with viscous damper fluid, had
indicated that gaps of the order of 2 percent or less of the jet exit diameter would have a
negligible effect on the data.

Tests and Procedures

Jet decay characteristics.- Jet decay characteristics were obtained by surveying

the jet at various distances from the exit (with the ground board removed) with a total-

pressure probe. The maximum impact pressure qx measured at each station x from

the jet exit was divided by the jet impact pressure Ptpp - p to determine the decay

parameter qx No corrections for compressibility were applied. The ground-
Pt,p - p"

effect tests were made by supporting a large plywood board normal to and at appropriate

distances from the jets.

The loads induced on the plate are caused by the entrainment action of the sur-

rounding air which lowers the pressures on the plate near the jet. The induced loads

should therefore be a function of the amount of air entrained by the jet. The greater

entrainment of surrounding air by the jets with increasing distance downstream from the

exit should also cause a more rapid decay of jet impact pressure. The rate of decay of

jet impact pressure with distance downstream from the exit was therefore investigated

to determine whether this parameter would be a correlating factor.

Effect of plenum-chamber configuration.- The shape of the rectangular plenum

chamber is quite different from the usual shape, and the possibility that the results might

be affected by the effects of the plenum chamber on the flow from the jets was anticipated.

Therefore, a comparison was obtained between the loads induced on a circular plate by a

single jet from the rectangular plenum chamber and the loads induced on a similar plate

by a single jet from the cylindrical plenum chamber. As shown in figure 8(a), the magni-

tudes of the loads induced on the circular plate mounted to the original rectangular plenum

chamber were up to four times as large as those induced on the same plate mounted to the

cylindrical plenum chamber with a clean nozzle (no flow restrictions). Surveys of the

exit flow from the rectangular plenum chamber indicated a distorted impact-pressure dis-

tribution with a considerable loss at the center, as shown in figure 8(b), whereas the flow

from the cylindrical plenum chamber with a clean nozzle had a perfectly flat distribution.

The motion of tufts indicated that the flow from the rectangular plenum chamber was

extremely rough; this extreme turbulence of the flow was assumed to be causing the _"

higher induced loads.

In order to check this hypothesis two steps were taken: Efforts were made both to

improve the quality of the flow from the rectangular plenum chamber and to produce a

more turbulent flow from the cylindrical plenum chamber. For producing the more tur-

bulent flow, a strut restriction of about 15 percent of the jet exit diameter in width was
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placed across the exit on the cylindrical plenum chamber. The strut was located about
1 jet-exit diameter upstream from the exit. The cross-sectional area of the jet was less
at the strut location than at the exit, but for purposes of consistency, the cross-sectional
area at the exit was used as the area of the jet in the data. As canbe seen in figure 8,
the strut produced a very distorted exit impact-pressure distribution and increased the
induced loads on the plate by almost 50percent.

The improvements in the rectangular plenum chamber consisted of installing a
fairing on the balance housing as shown in figure 5, and installing new pressure tubes
which had smaller diameter holes than the original tubes. They were oriented as shown
in figure 5. The original tubes had the holes oriented to direct the flow against the top
of the plenum chamber where it impinged on the walls and flowed down as a sheet on the
walls of the plenum chamber and balance housing. The reorientation shown in figure 5
produced a better mixing of the flow within the plenum chamber. These modifications
effected an appreciable improvement in the exit impact-pressure distribution (fig. 8(b))
and an appreciable reduction in the induced loads on the plate (fig. 8(a)).

The data of figure 8 show similar induced loads for the modified rectangular plenum
chamber and the cylindrical plenum chamber with the restriction in the nozzle. However,
the exit impact-pressure distributions are vastly different; thus, the exit impact-pressure
distribution is not a significant index of the quality of flow from the jet for predicting base
losses. Additional data on other plate sizes are shown in figure 9.

RESULTS AND DISCUSSION

Jet Decay Characteristics

The jet impact pressures were measured with no plates mounted adjacent to the
jet exits. Additional tests with the plates mounted gave the same decay curves. The
decay curves for the cylindrical plenum chamber with the clean nozzle, the cylindrical
plenum chamber with the restriction in the nozzle, and the modified rectangular plenum
chamber are shown in figure 10. As can be seen, the modified rectangular plenum cham-
ber and the cylindrical plenum chamber with the nozzle restriction have similar plate-
induced load characteristics and similar decay characteristics. They both indicate sig-
nificantly more rapid decay than the cylindrical plenum chamber with the clean nozzle.
The decay curves for various pressure ratios for some of the jet configurations used in
this investigation are shown in figure 11.

Pressure Distributions

A general flow of air at very low speeds in the direction of the exiting jet was
created when the jet was operating during the tests of both plenum-chamber configurations.



In order to separate the direct effect of the jet-inducing suction pressures on the exit
side of the plate from the effect of the flow normal to the plate, the cylindrical-plenum-
chamber configuration with the large circular plate (S/Aj = 69.5) was installed in a wall

between two rooms to prevent the general flow past the model. Pressure distributions

and forces were measured on the circular plate installed in the wall and on the plate in

free air (finite plate). The results are presented in figures 12 and 13.

Although the measured induced loads (fig. 13) for the two installations are almost

the same in magnitude, there appears to be no fundamental reason for this similarity,

and it is probably a coincidence for the particular plate size used.

The results presented in figure 12 show that the pressure coefficients obtained with

the plate in free air are more negative near the edge of the plate and less negative near

the jet than those obtained with the plate installed in the wall. The reason for the reduc-

tion in magnitude of the pressure coefficients for the plate in free air is not understood.

The more negative pressure coefficients near the edge of the plate are believed to be

caused by the flow around the edge of the plate. Thus it is evident that the flow normal to

the plate has a significant effect on the static-pressure distribution.

Comparison with Theory

The measured pressure distributions have been compared with the theory of refer-

ence 1 in figure 12. The measured pressures show a reduction in the magnitude of the

suction pressure coefficients with increased jet pressure ratio. The theory does not

account for the effects of pressure ratio, and because it assumes incompressible flow, it

should be compared with the lowest pressure-ratio data measured. As can be seen in

figure 12(b), the theory predicts the shape of the pressure curve for the wall installation

but underestimates the magnitude of the measured pressures. Since the theory is for an

infinite plate, it would not be expected to predict the increase in pressure near the edge

of the finite plate (fig. 12(a)).

A theoretical prediction of the jet-induced load on the plate can be obtained by

integrating the pressure distribution calculated from reference 1. The integration pro-

duces a theoretical variation of the induced loads as a function of the square root of the

ratio of plate area to jet-exit area. The result is very nearly a straight line for the size

of plates covered in the investigation for _ > 2.0. (See fig. 10.) It is interesting to

note that the measured data are also fairly linear. However, the theoretical loads in ,---

figures 10 and 13 are lower than the measured loads on the plate because of the underpre-

diction of the pressures.



Effect of Jet Length and Jet Projection

The effect of jet length on induced loads for the single round jet on the modified
rectangular plenum chamber with rectangular-planform plates and with a jet projection
of zero is presented in figure 14. Summary plots for the effect of jet length and projec-
tion are presented in figures 15 to 18. As can be seen in figures 14and 15, extending the
jet caused a slight reduction in the induced loads for the case of zero projection (that is,
the plate surface coincident with the jet exit). A further reduction of induced loads was
obtained by projecting the jet through the circular plate distances of 1/2 jet-exit diameter
and 1 jet-exit diameter (figs. 16 and 17). This reduction is due to the increased distance
between the plate and the free surface of the jet which is entraining air. A summary plot
showing the effect of jet projection is presented in figure 18.

Effect of Planform Shape

In order to determine the effect of planform shape on the induced load, four plate
shapeswere installed on the cylindrical plenum chamber. The four shapes were circular,
square, rectangular (Length/Width = 1.52), and triangular (equilateral). In all cases the

ratio of plate area to jet-exit area was 69.5 and the center of the jet was located at the

centroid of the plate. The results in figure 19 show no consistent effect of planform shape

on the induced loads.

Effect of Single- and Multiple-Jet Configurations

Low-wing configurations.- The basic data for the jet configurations shown in fig-

ure 3 are presented in figures 20 to 23 and summarized in figure 24. The basic data are

for the single-jet, the four-jet, the eight-jet, and the four-slot rectangular slotted-jet con-

figurations; for all configurations, as the wing size is increased (all wings in low position)

the induced loads similarly increase. The multiple-jet configurations produce much

higher induced loads (3 to 4 percent of the thrust) than the single-jet configuration (about

1 percent). (See figure 24(a).) As shown by the decay curves (fig. 24 (b)), these higher

induced loads are caused by the entrainment action which occurs closer to the surface of

the plate for the multiple-jet configurations than for the single-jet configuration.

The apparent rapid decay for the four- and eight-jet configurations is due to the fact

that the decay curves of figure 24(b) are presented in terms of the equivalent diameter of

a single jet whose area equals the total areas of the multiple jets (4 sq in. or 25._ sq cm).

As shown in figure 25, the decay rates for the individual jets of the four- and eight-jet

configurations based on their individual diameters are very nearly the same as the rate

for the single-jet configuration. However, it is the decay rate based on the equivalent

diameter of a multiple-jet configuration that is important in determining induced loads,

because it is this decay curve that indicates the proximity of the mixing zone to the plate.
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Effect of wing height.- The effects of wing height on the single-jet, four-jet, and

four-slot rectangular-jet configurations are presented in figures 26 to 28 and summarized

in figure 29. There is a decrease in induced loads as the wings are moved farther from

the plane of the emitting jet stream. The induced load of the single-jet configuration is

approximately one-half that of the four-jet and about one-third that of the slotted-jet con-

figuration. (See fig. 29.) The reduction in induced load as the wings are raised to a

higher position (fig. 29) is due to the greater distance between the wing surface and the

jet which is entraining the surrounding flow.

Prediction of Induced Loads

The preceding discussion has indicated the close relationship between the rate of

decay of the jet and the loads induced on the plate. Both of these parameters are func-

tions of the amount of air drawn into the jet and the proximity of the entrainment to the

plate. An attempt was made to find a parameter expressing these properties of the jet

(entrainment rate and proximity to the plate) that would correlate with the induced plate

loads. It was reasoned that the plate loads should be proportional to the maximum rate

of change of impact pressure and inversely proportional to the distance between the plate

and the point at which this maximum rate of change occurs. As shown in figure 30 the

plate loads are, in fact, a function of the square root of the maximum rate of change of

jet impact pressure decay with the distance from the plate at which this maximum rate

of change occurs. Within the accuracy of the present investigation, and within the range

of plate sizes investigated, the plate loads can be given by the following empirical

expression:

- _ x iVL
This correlation is based on data which were obtained at small scale from cold jets at a

critical pressure ratio. At present there are no data available on hot jets to permit a

comparison. The data show a small decrease in induced load with increasing pressure

ratio, but this decrease is within the accuracy of the correlation.

Several additional approaches were tried in attempting to correlate these data..._One

method, which gave similar results, was based on the area above the decay curve. The

data showed that this area increased as the magnitude of the induced plate load increased.

The area between the decay curve and qx = 1 and between x/D e = 0 and
Pt,p - p

x/D e = 10 was used in place of the square root of the maximum rate of change of jet

impact pressure decay divided by the distance from the plate at which this maximum rate

of change occurred.
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Ground Effects

The ground effects that can be encountered by a jet VTOL configuration hovering
within ground effect were investigated by supporting a large sheet of plywood at appro-
priate distances from the models. The results are presented in figures 31 to 35. Fig-
ure 31 presents the effect of height abovethe ground on the induced loads for the single-
jet cylindrical-plenum-chamber configuration with circular planform plates of several
sizes at four plenum pressures. Figures 32, 33, and 34 present similar data for the
delta-wing airplane configuration with the rectangular plenum chamber. In figure 32 the
data are for a single jet; in figure 33 the data are for the four-jet configurations; and in
figure 34 the data are for the eight-jet configuration. All the models onwhich ground
effects were investigated were low-wing configurations. In general, as expected from
reference 4, the suction force was primarily a function of the ratio of planform area to
jet area. The pressure-ratio effects that were noted within ground effect appeared to be
of the same magnitude as those measured out of ground effect (fig. 34). The four-jet
configuration (fig. 33) exhibited a significant reduction in the suction force very close
to the ground; this reduction is attributed to the positive pressure buildup between the
jets. The same effect should be encountered with the eight-jet configurations but was not
measured because the tests were terminated at too high a height above the ground board.

In preliminary tests, two ground-board sizes were used with the single-jet config-
uration. Figure 35 shows that no significant differences in the data resulted from
changing the size of the ground board. The data presented in figures 31 to 34 are from
tests in which the larger ground board was used.

CONCLUDINGREMARKS

A small-scale investigation of the loads induced on a flat plate by a single jet or
combinations of multiple jets issuing normal to the plate (representing a jet-VTOL air-
craft hovering out of ground effect) has indicated that induced loads less than 1 percent
of the thrust for the single jet and as high as 3 or 4 percent of the thrust for the multiple-
jet configurations were encountered. Induced loads increased with wing size and the
number of jets, but could be reduced by increasing the distance between the jet exits and
the wing surfaces either by increasing wing height or by increasing jet projection distance.

Changesin plate planform shapehad no consistent effect on the induced loads. The jet-
induced loads were found to be a function of the square root of the ratio of plate area to
jet-exit area. The induced loads were also very strongly influenced by the rate at which
the jet entrained the surrounding air and by the distance between the area of maximum

entrainment and the plate. The plate loads were found to be proportional to the square
root of the maximum rate of changeof impact pressure decay in the jet with distance
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downstream from the jet and inversely proportional to the square root of the nondimen-
sional distance from the plate at which this maximum occurred. An empirical expres-
sion for calculating the jet-induced loads has been presented.

Langley Research Center,
National Aeronautics and SpaceAdministration,

Langley Station, Hampton, Va., August 27, 1965.

REFERENCES

1. Wygnanski, I.: The Flow Induced by Two-Dimensional and Axisymmetric Turbulent
Jets Issuing Normally to an Infinite Plane Surface. Rept. No. 63-12 (DRB Grant
No. 9551-12), Mech. Eng. Res. Lab., McGill Univ., Dec. 1963.

2. Otis, James H., Jr.: Induced Interference Effects on a Four-Jet VTOL Configuration
With Various Wing Planforms in the Transition Speed Range. NASA TN D-1400,

1962.

3. Mechtly, E.A.: The International System of Units - Physical Constants and Conver-

sion Factors. NASA SP-7012, 1964.

4. Spreemann, Kenneth P.; and Sherman, Irving R._ Effects of Ground Proximity on the

Thrust of a Simple Downward-Directed Jet Beneath a Flat Surface. NACA

TN 4407, 1958.

11



._3_75 _ _---Plenurn chamber_
(9.5-4)

=_oj_o_j

'_ SLO0 (78.74]

15.25 (38.74)
I

I l i I I _

(4,5.70)

J

,:<- oo o ....

Support

Figure1.- Generalarrangementof rectangular-plenum-chambermodel. All dimensionsare in incheswith centimetersgivenin parentheses.



Figure 2.- Photograph of rectangular-plenum-chamber model.
L-64-9764



•___-cJet diam.

(4572)

Single jet

__-_let diam.
Ll28

/8OO

(45.72)

k_ 3/.00

(78.74)

Four jets

_51

2251(5.74)

_153 ....

__2oJ",_'0_
05) _._5.7_- I

(s.4o)i

_ ____-_

I, /8oo _,-_./o4

(45.72) (7.87)_

__Jet width /_

I _-_,2L- I

18.00

(45.72)

Eight jets
Four slot jets

igure 3.- Geometry of four jet configurations investigated (total jet-exit area for each configuration is equal). All dimensions are in inches
with centimeters given in parentheses.



Circular

R S/Aj I

9. 4 (23.90) 69.5

Triangular

Or b/2 S/A j

/240 (3L50) 7./7 (/82/) 345

/4.08 (35.76) 8./3 (2065) 390

/6.66 (42.32) 9.62 (2443) 49.0

Rectangular

Cr b/2

/9.00 (4B26) 400 (/0./6)

/9.00 (48.26) 600 (15.24)

19.00 (48.26) 8.00 (2.032)

19.00 (48.26) I000 (25.40)

S/Aj i

3BO

57.0

76.0

95.O

Circular

R S/Aj

3./6 (8.03) /0.0

4.47 (11.35) 20.0

5.4B (/3.92) 300

8.35 (2L21,I 69.5

I j

I I

I

I
I i

I

I i
I
I

Figure 4.-

Rectangular plenum chambers

\

I
I
!

i

Cr

l
l Z_

I

r

Size and shape of flat plates used in investigation. All dimensions are in incheswith centimeters given in parentheses;
plates are 1/8 inch (0.32 cm) thick.



/
/
/

¢
/
/

/
/
/

///////////////////'///////,

Y, V,

 ,oiring:forbalance ous,n ,

-- Mode/support

Removabe fuse/age section to correspond
with jet Configurations

S
I_ he/es per tube

//32 diem.

___£-

E------..................... S

i...................... _ho_u_smj_ s-_-

r-

__

"///////////_

\

2=

1 .............

Pressure tube for distributing the air

uniformly over /ength of plenum chamber

High

Med

Low

1

t
___ 15o [38/)

Sec. A-A

Figure 5.- Drawing of internal plenum chamber, fuselage, adjustable wings, and balance system employed in investigation.

All dimensions are in inches with centimeters given in parentheses.



3/4 inch_

(I. 91 cm)

Removable configuration---_

plate _-= X___ .... ____ __=___=__]

i
i

Anchor

...,3

Figure 6.- Sketch showing sting mount of inverted modeland tubing for getting air to model.



Air supply line --

_Thrust gage for total force

"--.u

\

Sensitive thrust qage
r induced force

Flexure beam

support ing plate

120

(30.48)

\

Perforated p la le

Mesh screens

To tal-pressure tube

/04'

[26.42)

Removable plates

See fi_ 4

Figure 7.- Sketch showing cylindrical-plenum-chamber configuration with thrust gages. All dimensions are in inches
with centimeters given in parentheses.

18



0

-.O1

,4/_ -.02
T

IIi11_l
l L i l [ l

tl I
it i

lllii
il111_I
II IIIII

II Liii
!!iiiI

II!!!

liiI
-03 I!_lill

tli
!!, ....

ii
-,04 II I L I I I

lO

0

[]

0 Original rectangular plenum chamber
A Modified rectangular plenum chamber

Cylindrical plenum chamber, clean nozzle
Cylindrical plenum chamber, restriction in nozzle

Illll
iiiii
IIIII

!!!!i
i i 1 i ;

IIILI
IIIII
Illli
!!!le

Illl
illll

i!!h!
IIIII

iiii

iiii
iiii

16

!!!!l
iiiii
ii1_1

iiill
Ill. TM.
_IL[I

U

iiii_
_IILI

illll
IIIII
II]ll
_llll

Illlt
Illll
iiiii
ii1_1

IIII1
Illll

Illll
I_L_l

iiiii
IIlll

II!l_

IIIIl

T
it-hi i

E i i

i i i

iii _

i : :

i : :

:iii,

IN,I_
•T!J L

: : i

i [ i

iii,

1.8

!!!!!

i i i i i
i i i i ;

: : : ; ;

i : : : :
: : : : :

IA-_t I i
lU'_ ! !
: : : : :

i i i i i
i i i i i

i i [ i [
1:::;

iiiii
i i [ i i

i i 1.4_J

i i i ; :

lllli
: : : : :
i i i i i

: : : : ;
: : : ; ;

: : : : :
: : : : :

: : : : :
: : _ : :

: : : : :

2.O

Pt, p

p

/.2 L4

1 1 _ _ _

]Jlllllt

ii
I i "i,

!!!!!!!!11

!!!!!!!!!

:::::::::

:::::::::

iiiiiiiii

2.2 2.4

(a)Inducedloads.

!!!!
!9!!

iiii

Ill:

_ ::::-4--t1-11

I iiii

I IIII
I t111Ill

0 _ =

-/O O

Ill _
1 !!!J _lt
I :::l: Ill

i_ III _

III "'

I I

I II[III ,,
_lli! ,,,

Ill

I.O

I r,_l[I I.Lilll I
=l I I' I_ll ! ! I
_llll f/Ill

'1 I I I Ill I I i I
_111 rhl II

• lll Till

,I II /I I II_l

,Nil liii
I I I t '

Illl ii iiiiiI II
Illll IIIII
t I_1 1 II II I I I I I

IIlll]'J, "'
,, ,, II I
[I _ II,IIII

- LO O IO

I T,.-_IIII
I IIII

il !!11
II iill

i ',!1!
II ....

tt !!!!
II ....
II Itll

it tl!!
II : ,, : ,,
II ....
II IIII

II IIII

II I lai

-IO O

!!!!

liii

iiii
illl

!!!i

llil

/O

l l l l l l

,._iii !it
IIY_I tlZ_',r I

: : : : : : I

:::: :: I
I

iiii..ii I
iiii '!! I
i i i : : : I
i i i ; : : I

I

iiii ii _

llliliii i

-/.O O /O

(b) Exit impact-pressure distribution. -_ = 1.89.

Figure 8.- Induced loads and exit impact-pressure distributions for several single-jet configurations. S/Aj = 69.5. (Circular planforms.)

19



0

AL
m -0/
T

-O2
LO

0

AL
T -.0/

-.02
lO

0

AL
.01

T

IIIIIIIllll . IIII II1_1
I II. IILI ..... ''_,,._!!!!!I!!!!_ I'

tt _ IIIIIt t IIII 1
_IIIIH tl IIIIIIIIII i

IIIIIIIlll I Illlll"'lL '"'ilIIii Illl
I I IIIIIIII

IIIII i11111"ilL,," Illl llJJlJll
II _1111 Illlllll
lllllI{l IIII III

L2 14 Z6 L8

Pf, p

P

(a) Cylindrical plenumchamberwith clean nozzle.

I,,IIIIIIIIII[ II
iiii,,:i iI I '''ll

Illll IIllll
ItllL,,,,l

L] iiliiL [
II!i!!l

2.0 2.2 2.4

..... IIIIL'IIIIII iIIIlilllll
IIIIIIIIIIIl

IIIIIIIIIIIII IIIIIIII
I III/;_JlIIII iji IIIIIIIIII
_ IIII_I;;;;;, _ l_l...._llllll IIIIIIIII

_ IIIIIIFIIIIIIIIFIIII
_l_ll_iiiiiiiI_]IIII111 _ I_IIIIIIIIII

IIIIIIIIIIL_- I _ _ lli_lllllIllllllllIllll
lllllIIllll I_ - iiii_.i._llI,lllIllIlllllIl

_I Ili I l l , ri i III , I I I,I I III I I I I

_,iilllIIIlIllIlIl >
T llllllllEIII IIllllll

. _ I

I IIIIIIIIIIIIIIIIIII]
IIIIIIIIIIII IIIIIIIII

IIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIII

IIIIIIIIIIIIIIIIIII IIllII Illtl

12 Z4 L6 18 2.0 2.2 2.4

Pt,p

P

(b) Cylindrical plenumchamberwith restriction in nozzle.

i !
IIIliII I!1111111

!! ""'""lllllll ,,,,'"'"'"

_ I I I III III _ ILLI-,-
tE U_u--_.4-+.-e'i-'_ , I I ,.I-,lI , I I , I I i

II IIII _" '"''"'_ F111I', i,_"II I _J... _ ""_-T_ I I I I I II li

-4444,,, 111111
) IIIIIIII

I,,,,,, I,till I IIIIIIIIIIIIIII ,,,,_1, _111,,,,, I-.02
l 0 L2 14 Z6 Z8 2.0 2.2 24

Pt, p

P

O

[]

/x

O

[]

z_

O

[]

zx

(c) Modifiedrectangularplenumchamber.

Figure0.- Effectof plenumchamberandjet configurationon loadsinducedon a circular-planform platefor a single jet.

S/A i

I0

2O
50
69.5

S/A/

I0
20
30
69.5

S/A j

38

57

76

95

2O



o Cylindricalplenum chamber, clean nozzle, circularplanform

[] Cylindricalplenum chamber, restrictionin nozzle, circularp/anform

0 Original rectangular plenum chamber, circular planform

L_ Modified rectangular plenum chambeG rectangular p/anform

----- Theory, re_ I

,Li,

I:::II:I:::II IT1"_,:,,_-_,.... IIiL_ _ :_,!!_;ii!!! +H÷_
11111',I,,__-__, 11111f3Tr-;-_,:.................

-m/lllll_ ............... ,' I I::!II I I I I I III I III III I I I_', I_I_-LL,,_Th_,,, I I_ I',', I I I I 11711
_,ee IIIIIIIIIII• ttttt,, ..................... _ II:::::IIIIIIII :::IIIH_'"_-_-I',_'_ _ II

"_"_''" IIII,,,,,, _ _ L
_IIIIII1111111111)II IIIIIIIIIII _ Ill

IIIIIIIIIF_IIIIIIIIIfIII IIIIIIIIII IIIIIIIIIIIIIIIIII IIIIIIIIItl tiIIIII1

702 ...............
iiiiiItl l=lllltllll

-,.03 IIIIIF_Iltlll {i IIIIliiI( IIIIIIIIILIIIII IIIIIIIIIIII IIIIIIIIIIIIIlI

Iliiiiii[!!ii= ........ :::::::::::::::::::::::::::::
IIIIIIIII _lllllllllltllllllllll IIIII ........... ii ..... !!!! .................................. I1=,

__tllllllllllliiiiiilll_l_l_l_tt_ _=_i, _=

0 / 2 3 4 5 6" 7 8 9 /0

/_S/Aj

AL

T

(a) Induced loads.

. IIII]LIIIIIII]I]]IIII;IIIIIIIII
IIIllll_lllllllllll

Illlllllllllllllllll_ll Iltllll /
iiiiiiiiiiii1_11_111111,1,_11_11

iJiiiiiiil_lllllllllflllll_
iiiiiiiiitlllllIIIIII/Ill .... ,,_lt .........

/ IIIIIIIIJlllltttl_ltl_llI ............. IIIII'
,,,-_.lllllLJl,_,, 1 lllttitllllllllltttttllttrltlllllilillll_I!!!!!!!!!!!lllllll_,lllllll_[

U _ _ T _ IIIIIIIIIIIII_IIIIIFlll I H
T,,,,L_ _p_--4..LILilIIII _ IIIIIIIIl]ltlllll

_ T I_'?",L iiiiiiiiiiiiItllllll
iiiqlllllY"t_ _ _ _ _ _]lilitilillilliIlltlll
IIItlllllll_l _ _ _ IIIIIIIIIIIIl_lllillll......... lit ........... IILI ...................... III

_ _ iiiiiiii_iii lllllIIitl_ll

............... " ................._ I11:111(Iiili;;;;;;;;;;;ii;
• , .......... III .... _. _T_ _IIIIl111 II,_-,_III::11:]I

_ N IIIITIIIIItll IIIIIIIIIIIII_!

Illlllll i_lllllll N _ _ IIIl_lqlllll';I I........ II .................... ;==:===,_::::_L_==:!!!::I::: _==_:!!!!:=:::,_,,_
qx _" ' .... _ ..... II .............. 11I=7........... II_I--L]_

_1 _11111111111_111 _ I_'LL IIIIIIIIIIIII1_11111111t_"-"-,'-_p -P ............ ..... :_ ,_,,-u _-L -_

IIIl=l=iiiiiiil!!!]=iI= ?+]!_:=::_:=:=:::=:===:;;=_,_,_,,_ ====lilll:=
.4 iiiiiii===iiiiiiiiilllll _'_iiiii]iiii ii_!!_iliiiiiii i

I11 IIII liT:_ IIt[llllllll Iltll_lllllllD_[_lllllllllll

| IIIIIIII1_, ,,, ,_kLl I IIIIIII,,_YII ,,_H,_kLL
_llltllllllllllll llIlllllllllll]lllll IIIII,71_

_ , : ....

0 / 2 3 4 5 6 7 8 9 /0

X/D e

Figure 10.-

(b) .let decay.

Effect of plenum chamberand nozzle configuration on loads induced on severalplate shapes and
rl,

on jet impact-pressure decay -_ = 1.54.

21



Pt,p -p

ZO_

.8

.6

rl.
J_

.4

I

0 2

0

[]

ix

Pt,p

p

134
L68

2.02
2.36

).

,5 4 5 6

X/D e

_, '1.3 _.

,,,, 'Z

t l[I i

[, Ill I
L Ill I

_1 III I
I Ill
t111 II lll

I III I
I I1_1 I
I IIlil

I lllll
I lllll
IIIIII
I I, ,llll

,,_ I
I I_ I
I I _ J
I I I I_
I I I I ITM _

I IIII '_,
I_ I1111
IIIIII
i lll, tl
I IIIll
IIII]t

II111t
II1[1t
IIIIII
I IIIIt
I lllll

t ll[ll
[lltll
l lltll
I IIlll
IIII11
I II1_1
IIIIII

l lllllI IIll

IIIIII

7 8 9 /0

(a) Cylindrical plenumchamberwith clean nozzle.

Figure 11.- Effectof pressureratio on impact-pressuredecay.



Pt, p

P

o L34
[] 1.68

2.02
2.,56

OD

-iii ¸,, iiiiL ¸ ,,,ii'l
LOLit1 IIII I111

l_r I111 IIII

I I I I I_pl

III 1,,1 _--_.IIII 1111

111 II11 I,_,
.8 _ Ill[ "Lill

,111 IIIL
IIII '"'IIII

1_11'_ llll I
• 6 III IIIIlil Jill

'III..I11
III _'" II11

I'111 IIII

lJJ _I11 !
.4_ III IIill I[ll

IlL IIII IIIIIIII IIII

I i i
IIII IIIL•211ii Iill llll

ILl1 III IIII
,,11 ,i, IIII
IIII III

0|III III I,,

qx

0 t 2

IIII IIII

111, I Iiiii
IIII

IIII Illl
IIII II11
IIII II11

. _ IIII i111

_I.a_t_L IIII

lill _ -

. T , = IIII
"t_LII _ _ _ _ IIII

IP'- E . IIII
I/

IIII v _I_3',,,L
IIII k • 1["_,_C

tV"_l

IIII IIII TM

IIII 1,11,11, IIII

Jill IIIJ
Iiti

IIII I
IIII
IIII

IIII
,111 IIII
IIII

1

I!
3' 4 5 6

X/De

ili!!!! J_
IIII1111_III I I

IIllllllltll I Jllllllllilll 1
II_IIIIIIIII I I
111111111111 I I
IIII11111111 I I

iiilllllllll I!
lllIllIll , ,
]IIII1111 I I
ilillllll i l

III
"- II
- _'" !!! I I

,_ ',,LI I I
",,_I_I_I L I I I I I I I I I

",,,.i I _ I I I I I I

_I I I T/II, L.I r"I_LT"_. , I I
I

I'

I I I

7 8 9

(b) Modifiedrectangularplenumchamberwith single roundjet. [/De = 0.248.

Figureii.-Continued.

I0



©

[]

A

Pt, p

p

L34
/.68

2.02
2.36

LO¢

.8

.6

q_,

Pt,p "P
.4

.2

0
0

[liiiii
!111111
fllllll

! ! ! r-r_.

iii[ll!
!!!!!!!
IIIIIIl

iiii_ii
Ftlflll

!!!!!!!

!!ii!!!

iiiiiii

IIlIIII
IIIIIII

!!!!!!!

i .... ii

IlL[Ill

iiiiLii
IIIIIII

fl!t!!!

i!!iiii
iiiiiii

Iit111

!!!!!!!

I]iiiii
IIIIIII

!t!t!!!
II::I_I

Illllll

iiiiiii

/

Illl

IIII
Itll

!!!!

II

"ii

II

IIII

"IIII

IIII
iiii
iiii

iiii
iiii
!!!!
llii
IIII
Ill1

IIII

IIII

Ill
IIII

!!!!

iiii

!!!!
illi

2 3 4 5 6 7

X/D e

(c) IVlodifiedrectangularplenumchamberwith single round jet. ?./De = 0.91.

Figure 11.- Continued.

]!!!!!!_
_illiill
III!!!II
!!iiiiii
iiiiiill

iiiii!!!

lll]llll
::::::::

1_IIIII]

:::::::_

!!IIllll

iiiiiiii
!!tlllll

I

8 9 /0



Pt, p

P
© /.34

[] /.68

0 2.02
2.36

.6

qx

Pt, p-P
4

I1111[ll
LO 11111111.

IIIllITI
Illllllt

Illi1[11

m LIIliiii
Ililllll

I
IIIIIIII
II]11111

IIIit111
irLItlll

!

IIIgltl]

I
IIIIIIII

IIIlllll
IIIIllli
IILIIIII
IIIlllll

_ 11111111. Illlllll
IIIilill

klilllll
IIIIIIII
III]1111

0 IIILIIII

0 /

/

II11 i I_111111
IIII It111111

"" IIIIIIIIIIII
IIII I1_11111
IIit Ililll_l
llll IIIIIitl
IIII IIIIIIII
IIII illlllll

LIII 11111111

T'h,,,LI illlllli
- I1[11_ IIIIIIII

_ IIIIIIII

Iltl[lllii • Jill,Ill

_ _ IIIIIIII
IIii "_ " _ _ tIlillll
IIII _1111111
Illl IIIIIIII
IIII _ \ _ _IIIIIII
IIII _ k_llltlll
till _ IIII]III
1111 _ Illllrll
IIII _ _111{111

'"' _IIIIIIIIIII

,,,,,,,,  liillil
IIII II

.11[I Illlllll
IIII IIIIIIII

IIIIIIII

I}11 IIIlllll
llll IIIIIIII
lill Illlllll
Illi IIIIIIII
IIII i1111111
Iltl Itllllll
II11 IIIIIIII
IIII II1[1111

1111 ,,,_,,11Illillll

IIIIIIII
lill IIIIIIII

Jill iiiiiiii
IIIIIIII

,,I,IIII IIIIIIII

2 3 4 5 6 7

X/D e

8

IIII
IIII

IIII
Irll
II11
IFII

FIll
Illl
IIII

III1
Illl
IIII
IIII
II[I

IIII
IIII
IIII
IIII

IIII
IIII

IJll

IIII
Jill
IIII
IIII
IIFI
IIII

llll
Ilil
III1
IIII

II/I
IIII

I111
IIII
IIII
IIII
IIII

I I

I I
4 I

q
I I

I I
I I

i I"
I I
I I

II

I 1

I I

I I

I I
I I

I I
I I

I I
I I
I I

II
I I

r

9

I

I

I0

L_

(d) Modified rectangular plenum chamber with single round jet. /./De = 1.41.

Figure 11.- Continued.



O/ 6 B

I_ llllIlll ,,,,'"'
lillil)l IIII
IIIIIIEI IIII

_ IIII

IIII IlltlLII _-,:-
IIII IIIlllll

I]11 II]11111 Iltl
IILI Iltlllll ,,,,'"'
IIII lilllltl IIII
IIII IllllllJ ,1111

IIII Illl]IIl L_,,_"
IIIIIIII II]I

Illll I!L]
llll

Ill '
IIII

ILl IIII
IIII I_IIILII IIit

'"_ '"'!!!! IIIIIlil"
IIIIfill ,,,,

Illl II]llll] ,,,,'"'
Ilil IIIItlll Itll

,,1,,,,1 IIII
IIIIIIII IIII

I II I_1111_1 _11[

I II IIIIllll killfl IIIIIIII II11

III Illlllll IIIIIIIIIIII

III ]iltllll Ill[
iii ii,lllll lilt

II II}1t111 IIII
I II Ifllllll qlll

•panu!)uo3 -'II aJnS!-I

"_'0 = a(]/7 "),a[ punoJ allSU!S q)!AA JaqLURq:) uJnUald JRInBuRpaJ IRU!6!JO (a)

a(7/x

I1[I II III
I III I
IIII I
lilt I
I I II
IIII

_ I I I I

_ _' _,.k I I _ _

llll " " I

IIII ".>
II [I 7 \ _'-
IILI :" \
li II \ " \
I_1,1 \

_111 \ L \
IIII
Jill _" "
IIIL

IllI _ \
ii ii i_
IIII \ \ _

I_11 \

' IIII
I III
IIII
lilt ,,
I I I {
Illl
II II
II11
II II

IIII
IIII
1111

\ % _ "

7.

I 0
0

o

d"
d- 4d

*b
.

,

9£Z
ZO'Z <>
B9 7 []
i_£7 o

d

_D
C_



"papnlouo3 -'IT aJn6!:l

•s),a[Jnoj q),!M jaquJEqownuald JRIn6uR),oaJpaIj!pow (J)

C',1

O/ 6 9

I I

I
I
I
I

i

l-
I
i

l illJl I
IIIII[ ' I
I IIIIhlllllll

IIII IIIIi il iiiiiILll
I IIIIIl_llill

ii,,
It_iilll:l IIII

• i

iL'i

aG/x

9 g _ £

I

Illl

Illl
Ilil
1111

_[ I IA",

llll
IIII

Illl
IIII
Illl
Illi

Jill
IIII
IIII

I
lilt
Ilil
IIII

IIII
llll
IIII

Ilil
IIII
Ill]
IIII

I
llll
IIII

9£Z
ZO'Z
99"/
p£'/

d

d '"d

V

r'l

©

\

%.

\

\

Z /

%

0

_ It1; 0
IIII

I1,11
IIII

II[I
IIII
IIII

IIII
Illl _"
lJll
lill
Illi
IIII
lill

11119°

Jill
I[il
1111
IIII
IIII

IILI
Ill_

[iii_
Ill
III
III
III

III
III
III

*b

T-



00

G

"0014

=0012

-0010

:OO06

,,....--Edge of jet

=0002

0
0 / 2 3 4 5 6 7

(a) Finite plate. S/Aj= 69.5.

Figure12.- Radialdistribution of pressureinducedbyjet oncircular-planformplates.

6' 9 /0



Edge of jet

cp

-0016

-0010

=0008

0 L32 i
I[] 1.65

<> 1.86 1
2.04

Theory, ref. I

-.0006

=0004

_0002

0
0 I 2 3 4 5 6 7 8 9 lO

_O

(b)Plateinstalledin wall.

Figure12.- Concluded.



AL

T

0

-O4
1.0

0

[]

0 Integra tion of pressures 2
Force m easurement 5 Plate

In teqra t/on of pressure.-L_
Force measurement j- Finite plate_ S_Aj/-

--69.5

installed in wall

Theory , ref. I

Z2 /.4 Z6 /.8 2.0 2.2 2.4

Figure 13.- Comparison of induced force on circular-planform plates determined by integration of measured pressures with
that determined by direct force measurement.



"0=a/z"salelduJJojueld-JelnBue_:)aJql!MJaquJeqouJnualdJeln6ue$::)aJpa!j]poLuuola[punoJal6u!s"speolpa:)npu!uoq]Bual_a[jo_aJJ3-'17IaJn6l-I
L

•_Z'o = all (e)

0

d

717

g6 v
9Z
Zg []
B£ ©

/ V/S



II
II

tN

al

o[no<

• C2

_. :=

II ¢..o

1.7.

"',,d

I" i ° ! I" !

a2



Z_

iii

iEl

]Jl

tl]

iii

!J!
ill

i:i

fill

1111

fill

II[I

llil
llll

Itll

IE:I

IIII

1111

ll]i

IIII
fILl

IIEI

rill

IIII,
!!II

i!!!

IIII
fill
IIII
Illl

O_
[11

Ik[
] I I

IlL
i i i

i i i

I I I

I q I

i i i

i i i

I I I

i i i

I , , •

Ilil

I : : :

"papnl:)UO9 -'PI aJn5[-I

"WI = all (_)

d

d'l d

_I 91

iiII

II11

!

iii<

ib

g6 v
9Z 0
zg []
9£ o

./ws

#1
IIII
iiii

I[11

llll
iiii

iiii

Jill
iii

ill
]11

LIE

III

[11
ill

Ell

III

-r-M-
!i

iii

_,tll

llli

1
717



(a) Induced load on plate.
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